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Summary

Alternative splicing has essential roles in development. Remarkably, spermatogenic cells express
more alternatively spliced RNAs compared to most whole tissues, however regulation of these
RNAs remains unclear. Here, we characterize the alternative splicing landscape during
spermatogenesis, and reveal an essential function for the RNA binding protein Ptbp2 in this highly
regulated developmental program. We found that Ptbp2 controls a network of genes involved in
cell adhesion, migration, and polarity, suggesting that splicing regulation by Ptbp2 is critical for
germ cell communication with Sertoli cells (multifunctional somatic cells necessary for
spermatogenesis). Indeed, Pthp2-ablation in germ cells resulted in disorganization of the F-actin
cytoskeleton in Sertoli cells, indicating that alternative splicing regulation is necessary for cellular
crosstalk during germ cell development. Collectively, the data delineate an alternative splicing
regulatory network essential for spermatogenesis, the splicing factor that controls it, and its
biological importance in germ-Sertoli communication.
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Hannigan et al. characterize the alternative splicing landscape during spermatogenesis and reveal
an essential role for Ptbp2 in this temporal regulation. Moreover, splicing regulation by Ptbp2 is
required for proper regulation of trafficking and cell polarity genes, and cell communication
during germ cell development.

Keywords

post-transcriptional regulation; spermatogenesis; cell-cell communication; alternative splicing;
RNA networks

Introduction

Mammalian spermatogenesis is arguably one of the most complex developmental programs.
This process involves three main phases: 1) a mitotic phase when spermatogonia proliferate
and differentiate, 2) a meiotic phase when DNA recombination occurs in spermatocytes and
haploid spermatids are formed, and 3) a post-meiotic differentiation phase in which round
spermatids elongate, condense, and are released into the seminiferous tubule lumen as
spermatozoa. During their development, germ cells must remain in contact with Sertoli cells
(multifunctional somatic cells that are essential for spermatogenesis) (Griswold, 1998).

Alternative splicing (AS) plays a major role in increasing transcriptome complexity and its
dysregulation is associated with multiple human diseases (Scotti and Swanson, 2016).
Strikingly, the testis ranks among top tissues with respect to the number of AS mRNA
variants (Soumillon et al., 2013; Ramskold et al., 2009). In fact, the complexity of mRNA
isoforms in spermatogenic cell types exceeds that of most whole tissues (Soumillon et al.,
2013). It remains unclear why AS is robust in these cell types, the extent to which these AS
mRNAs are controlled developmentally, and the roles of different RNA binding proteins
(RBPs) in their regulation (Kleene, 2013; Licatalosi, 2016).
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Ptbp2, a member of the PTB (polypyrimidine-tract binding) family of RBPs (Sawicka et al.,
2008), is a strong candidate to function as a regulator of AS during spermatogenesis. PTB
proteins bind CU-rich elements proximal to specific AS exons and can repress splicing via
competition with the U2AF splicing factor (Sharma et al., 2005), interference with
spliceosome assembly via interaction with U1 snRNA (Sharma et al., 2011), and occlusion
of splice sites via PTB-multimerization or looping of RNA sequences (Oberstrass et al.,
2005).

The two best-studied PTB proteins, Ptbpl and Ptbp2 have mostly inverse patterns of
expression in different tissues and developmental stages, and regulate the splicing of
overlapping but non-redundant sets of RNA targets (Lillevali et al., 2001; Polydorides et al.,
2000; Makeyev et al., 2007; Boutz et al., 2007; Spellman et al., 2007; Vuong et al., 2016).
The biological impact of PTB proteins is best understood in the nervous system, where
switches in Ptbpl and Ptbp2 levels dictate temporal control of AS (Boutz et al., 2007;
Makeyev et al., 2007; Licatalosi et al., 2012; Zheng et al., 2012; Li et al., 2014).

Ptbp1 and Ptbp2 also display stage-specific expression differences in postnatal germ cells
(Xu and Hecht, 2007; Schmid et al., 2013; Zagore et al., 2015). Ptbp1 dominates in mitosis
but decreases in meiotic spermatocytes. Conversely, Ptbp2 significantly increases in
spermatocytes and persists until the elongating steps of spermatid differentiation. Whether
Ptbp2 functionally replaces Ptbpl, or if the Ptbpl to Ptbp2 switch is important for stage-
specific AS regulation during spermatogenesis is unknown.

We previously observed that Prop2 ablation results in spermatogenetic arrest (Zagore et al.,
2015), with features that resemble mouse knockouts of genes that have roles in germ-Sertoli
cell communication (e.g., Cadm1, Basigin, Fndc3a) (Bi et al., 2013); (Obholz et al., 2006)
(van der Weyden et al., 2006; Yamada et al., 2006). Here, we used RNA-Seq and HITS-
CLIP to understand the underlying molecular basis for germ cell arrest in Pthp2-deficient
cells. We demonstrate that Ptbp2 is required for AS regulation for over 200 genes, directly
binds AS targets to repress splicing, and controls AS changes that occur between mitotic and
meiotic germ cells. Strikingly, our data reveal a critical role for Ptbp2 in regulating the
splicing of a network of genes important for germ-Sertoli cell communication. Furthermore,
we demonstrate that germ cell-specific dysregulation of this AS network, results in
disorganization of the actin cytoskeleton in Sertoli cells. Collectively, the data define, for the
first time, a critical AS regulatory network in spermatogenesis.

Dynamic regulation of AS in different stages of spermatogenesis

To investigate the dynamics and regulation of AS in different stages of spermatogenesis, we
analyzed RNA-Seq datasets previously generated from four spermatogenic cell types
(spermatogonia, spermatocytes, round spermatids, and spermatozoa) (Soumillon et al.,
2013). RNA-Seq reads were mapped with OLego and processed with Quantas to measure
AS of cassette exons (CASS), tandem exons spliced in a coordinated or mutually exclusive
manner (TAND or MUTX, respectively), differences in 5’ and 3’ splice site (SS) selection
(ALTS5 or ALTS3, respectively), and changes in intron retention (IRET) (Wu et al., 2013; Yan
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et al., 2015). Pairwise comparisons of AS isoform levels were performed in spermatogonia
versus spermatocytes (transition 1 or T1; mitotic versus meiotic), spermatocytes versus
round spermatids (transition 2 or T2: meiotic versus post-meiotic), and round spermatids
versus spermatozoa (transition 3 or T3) (Figure 1A). Spermatozoa are transcriptionally inert
and contain transcripts made during spermatid elongation (Johnson et al., 2011), thus T3 can
be considered a comparison between early versus late post-meiotic cells. For all
comparisons, differences in AS isoforms were expressed as the change in percent spliced in,
or APSI (Figure 1A).

In total, 1,030 AS changes of at least 20% (APSI>20) were identified in transcripts derived
from 712 genes (Figure 1A-C; File S1) with only 16% of these genes showing stage-specific
changes in more than one transition (Figure 1C). Examination of individual alternative exons
showed that 108 were regulated in more than one transition (Figure 1D), with the majority
(94/108) temporarily switching AS isoform ratios before reverting to PSI values present at
earlier developmental stages (Figure 1E).

Stage-specific changes were measured by RT-PCR analysis of testes collected at postnatal
day 6 (P6), P19, or P25 (when the most advanced germ cells present are mitotic
spermatogonia, meiotic spermatocytes, and post-meiotic spermatids, respectively) (Figure
1F; Figure S1A). Importantly, APSI values derived from RNA-Seq of isolated cells had a
positive correlation with APSI values calculated from RT-PCR analysis of whole testis
(R=0.71, 24 targets examined), thus validating the analysis (Figure S1B; File S1).

Despite comparable numbers of RNA-Seq reads (Table S1), distinct differences in the
number and magnitude of AS changes were observed for each transition. Nearly 75% of AS
changes occurred in Tl (Figure 1B,E) affecting 595 genes. The fewest AS changes and
smallest range of APSI values occurred in T2, followed by an increase in the number and
magnitude of AS events in T3 (Figure 1B-D, G, H). Re-examination of the RNA-Seq data
using different mapping and AS quantification tools (TopHat (Trapnell et al., 2012) and
MATS (Shen et al., 2012), respectively) confirmed these biases in stage-specific AS (Figure
S2).

These observations define distinct stage-specific programs of AS isoform regulation, with
the greatest impact on the germ cell transcriptome as cells transit from the mitotic to meiotic
stages of spermatogenesis. Subsequently, AS isoforms are generally maintained during the
meiotic and early post-meiotic stages, before diverging during spermatid differentiation.

Ptbp2 is required for AS regulation in meiotic germ cells

Ptbp2 levels increase when the greatest AS changes occur. To investigate if Ptbp2 is
controlling AS during spermatogenesis, we generated RNA-Seq datasets from wild type
(WT) and Ptop2 conditional knockout (cKO) testes at P25. At this age, the majority of germ
cells are in the post-meiotic stage, and spermatogenic defects are detectable in only a subset
of cKO seminiferous tubules (Zagore et al., 2015).

Our analysis identified 257 AS differences in RNAs from 217 genes (APS1=20%; Figure
2A,B; File S1). AS changes were confirmed by RT-PCR, with a positive correlation with
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APSI values derived from RNA-Seq (R=0.76; Figure 2C; Figure S3A, File S1). Notably, the
majority of the AS changes for the 217 genes had negative APSI values indicating that Ptbp2
was required for more exon repression events in testes compared to exon activation (163
blue and 94 red, respectively, Figure 2B). The 217 genes showed a strong concordance in
RNA levels in WT and cKO testes (R=0.93; Figure 2D), with 81.1% showing no statistically
significant difference. As expected, genes that did differ in RNA abundance were
predominantly those with differences in intron retention (R=0.37; Figure 2B). We conclude
that Pthp2 is required for AS regulation in the testis, and that the majority of the Ptbp2-
dependent AS events affect the primary sequence of the encoded proteins rather than altering
total transcript abundance.

Independent of AS changes, we performed a differential gene expression analysis and
identified 988 genes that differed in steady state MRNA levels between WT and cKO testes;
nearly all having reduced levels in cKO testes (93.6%, 925/988; Figure 2E, inset; File S2).
Notably, the distribution of fold-change values varied between genes that showed increased
RNA levels versus those that decreased. More specifically, genes with reduced RNA levels
in cKO were accompanied by much larger fold changes (Figure 2E, red versus black line).
Strikingly, genes with the lowest RNA levels in cKO testes were those robustly expressed in
spermatids, including the transition protein genes 7np and 7np2, and the protamine genes
Prm1and Prm2 (Figure 2E) (Kleene, 2013). Therefore, we asked whether the lopsided
difference in RNA levels was due to the absence of spermatid-expressed transcripts in cKO
testes. Using RNA-Seq data from purified germ cells (Soumillon et al., 2013), we found that
the vast majority of genes with RNA differences in cKO testes had a significant RNA
difference between purified spermatocytes and round spermatids (94%). In fact, nearly all
genes with decreased RNA levels in cKO testes had increased RNA levels in spermatids
(Figure 2F, top right). Thus, we conclude that early post-meiotic arrest accounts for the
deficits in specific RNAs in cKO testis.

The dearth of spermatid-expressed transcripts in P25 cKO testes, along with the few AS
differences between spermatocytes and round spermatids (i.e., T2), suggests that the
majority of the AS differences in cKO testes reflect Ptbp2-dependent splicing events in
meiotic germ cells. To explore this further, we measured AS isoforms in testes collected
prior to P25. Importantly, AS changes were confirmed at earlier time points, including P19
when the most advanced germ cells are in prophase of meiosis | (Figure 2G; Figure S3B).
Collectively, these observations suggest that the majority of AS changes in cKO testes occur
in meiotic spermatocytes.

Ptbp2 is required for stage-specific AS regulation during spermatogenesis

Since Ptbp2 levels increase during T1 and is required for AS regulation in meiotic germ
cells, we examined the overlap between AS differences identified in T1 and cKO testes.
Comparison of AS cassette exons in both datasets identified a common set of 250 exons
(Figure 3A). As expected, the RNA-Seq APSI values from purified cells were larger than
APSI values from whole testes, owing to cellular heterogeneity of the latter (Figure 3B).
Regardless, the APSI values showed a positive correlation (R=0.53). Strikingly, the majority
of enhanced cassette exons in meiotic cells were spliced in a Ptbp2-dependent manner,
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whereas the majority of cassette exons with decreased splicing in meiotic cells were
repressed in a Ptbp2-dependent manner. From these observations, we conclude that
increased expression of Ptbp2 in meiotic cells promotes over 25% of the splicing changes
that occur as germ cells progress from the mitotic to meiotic stages of spermatogenesis.

Ptbp2 levels are maintained during T2 (where the fewest and smallest AS changes occur),
and decline in T3. Therefore, we examined the overlap between AS differences in T3 and
cKO testes to examine how reduction of Ptbp2 levels may impact AS changes in post-
meiotic spermatids. Notably, the 51 cassette exons common to T3 and cKO displayed an
inverse relationship compared to overlapping exons in T1 and cKO (Figure 3C, D; R=
-0.41). More specifically, the majority of cassette exons with increased splicing in T3 were
repressed by Pthp2, whereas the majority of cassette exons with decreased splicing in T3
were enhanced by Ptbp2. Collectively, these observations indicate that Ptbp2 levels influence
stage specific AS during spermatogenesis.

The Ptbp2-RNA interaction map shows recurrent and direct binding to repressed exons

RBPs can function as both splicing enhancers and repressors depending on where they bind
relative to an AS exon (Licatalosi and Darnell, 2010; Konig et al., 2011; Fu and Ares, 2014).
To generate a transcriptome-wide map of Ptbp2-RNA interactions in spermatogenic cells,
we used HITS-CLIP (Licatalosi et al., 2008). We isolated and sequenced 30-50 nucleotide
RNA fragments that were cross-linked to and co-immunoprecipitated with Ptbp2 from three
adult testes (Figure 4A). After mapping and filtering the libraries individually, the resulting
CLIP tags were merged to identify reads common to all three libraries, hereafter called BR3
clusters (biologically reproducible in 3/3 animals). BR3 clusters were broadly distributed
across the germ cell transcriptome, with ~70% mapping to 5,396 annotated RefSeq genes
and the majority residing in introns (Figure 4B; File S3). Consistent with functional and
structural studies of PTB-RNA interactions (Oberstrass et al., 2005; Spellman and Smith,
2006; Keppetipola et al., 2012), the most enriched sequences within BR3 clusters were CU-
rich motifs (Figure 4C,D).

To assess the distribution of Ptbp2-RNA interactions near Ptbp2-dependent AS events, we
focused on cassette exons flanked by constitutively spliced exons. Of the 67 AS exons with
APSI>20, 25 exons had positive APSI values (more abundant exon inclusion in WT) and 42
had negative APSI values (more abundant exon inclusion in cKO). Approximately 67% of
the examined regions contained reproducible (BR2 or BR3) Pthp2-RNA interactions (15/25
Ptbp2-enhanced and 32/42 Pthp2-repressed exons); however, the distribution and
conservation of binding sites in these regions were markedly different (Figure 5). Ptbp2-
RNA interactions associated with enhanced exons were broadly distributed, with only 7
exons having Ptbp2 bound within 500 bases of the 3’ or 5” SS of the AS exon (Figure 5A,B).
In contrast, the majority of repressed exons had Ptbp2-RNA interactions proximal to the AS
exon, with the greatest concentration near the 3’SS (Figure 5D,E). In addition to this
positional bias, Ptbp2-bound sequences associated with repressed exons had higher
conservation scores (Figure 5C). Ptbp2-binding sites were also examined across sequences
associated with a control set of 100 randomly selected constitutively spliced exons, with no
identifiable enrichment or positional bias in Ptbp2 binding observed (Figure 5F). The
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increased density of Ptbp2-interactions near repressed exons and the high conservation of
these binding sites are consistent with existing models of splicing repression by PTB
proteins derived from /n vitro assays and experiments in cell culture (Keppetipola et al.,
2012). Taken together, our RNA-Seq and CLIP data suggest that Ptbp2 is required for
regulation of AS isoforms in spermatogenesis via a series of primary (direct) and secondary
(indirect) targets.

Ptbp2 regulates AS of a network of trafficking and cell polarity genes

Having established that Ptbp2 governs AS patterns in spermatogenesis, we examined the
functions of 217 genes (APSI=20 in WT versus cKO) to gain insights into the molecular
basis underlying the cKO germ cell defects. Literature searches, database mining, and
informatics approaches showed that a large cohort of these genes encode proteins that are
functionally related and directly interact with one another (Figure 6; Figure S4A). More
specifically, analysis of gene ontology (GO) annotations assigned the majority (83%) to
enriched terms that clustered into 7 related groups based on biological process (Groups 1-3),
molecular function (Groups 4,5) and cellular component (Groups 6,7) (Figure 6A; File S4).

Group 1 contained a large set of genes encoding proteins with roles in membrane
organization and protein transport. Strikingly, several Group 1 genes encode interacting
proteins that function in nearly all steps of vesicle-mediated trafficking (Figure S4A).
Examples include subunits of the AP-1 and AP-2 adaptor protein complexes involved in
cargo selection and vesicle formation (Aplbl, Ap2al, Ap2a2), and Denndla which is a
component of clathrin-coated vesicles that directly bind the AP-2 adaptor protein complex
(Marat et al., 2011). Also represented were proteins that function in vesicle tethering to
microtubules, and docking and fusion of vesicles with target membranes (e.g., Snap23,
Synjl, Synj2, Rims2, Eps15). Genes encoding proteins that bind to and regulate actin
dynamics (e.g., Ablim3, Epb4.1, Fhod1, Fmnl1) were listed as well. Among these were
genes that comprise Group 2, which represents a single annotation term “actin-filament
based process’. In fact, there was considerable gene overlap across all enriched terms
(Figure 6B,C).

Groups 3 and 4 consisted of genes encoding proteins involved in cell signaling, cell-cell
communication, and GTPase regulation. Among the list include multiple guanine nucleotide
exchange factors (GEFs) and GTPase activating proteins (GAPs) that regulate signaling and
cytoskeletal remodeling events (e.g., Arhgef7, Iggapl, Myo9b, Rangapl, Rapgefl).
Although not assigned to Groups 3 or 4, additional proteins with related functions were
identified in the set of 217 genes, including Rab28 (a GTPase), Wdr7, and Fam116B.

Group 5 contained general terms related to binding, as well as more specific terms *SH3
domain binding’ and ‘cytoskeletal protein binding’. Notably, all of the genes in the ‘SH3
binding domain’ subgroup encoded proteins that bind AP-1 and AP-2 complexes, or regulate
the actin cytoskeleton. Similarly, genes in the ‘cytoskeletal protein binding’ subgroup were
present in Group 1 and encode proteins that regulate actin dynamics.

Consistent with our enrichment analysis, the majority of genes with AS changes in cKO
testes encoded proteins that reside in the cytoplasm (Group 6), or localize to clathrin coated
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vesicles, the plasma membrane, and cell-cell junctions (Group 7). Examples of the latter
include proteins that couple membrane and cytoplasmic proteins at sites of adhesion (e.g,
Afadin, Enah, Gripl, Sorbsl).

The data indicate that Ptbp2 is required for coordinate AS control of a functionally coupled
network of genes. Determining how these AS changes impact germ cell functions
individually and in aggregate will require further study. However, we identified several AS
changes that alter annotated domains, including: 1) an exon in Dctnl that introduces 3
threonines that control localization and microtubule binding (Zhapparova et al., 2013), 2)
exons that alter calponin homology domains in Ehbpll1 and Lrch3, as well as a
transmembrane domain in the latter (based on UniProt annotations, (The UniProt
Consortium, 2016)), 3) the basic region of the DAD domain in Fmnl1, which has a key role
in the regulatory mechanism that controls actin remodeling (Wallar et al., 2006; Kiihn and
Geyer, 2014), and 4) an exon that introduces a premature termination codon that leads to
decreased levels of Iqgapl, an effector for the Rho GTPase Cdc42 (Watanabe et al., 2015).
In the testis, interactions between Iqgapl and Cdc42 are believed to regulate Sertoli-germ
cell adherens junction dynamics (Lui et al., 2005). Interestingly, we observed that Ptbp?2
directly bound to and was required for correct expression of AS isoforms of Cdc42 (Figure
S4B). More specifically, Ptbp2-deletion resulted in a shift in the levels of Cdc42 AS
isoforms previously shown to have distinct functional roles in regulating polarity of primary
neurons (Yap et al., 2016).

Altogether, our data indicates that Ptbop2-deletion disproportionately affects the expression
of AS isoforms from a network of functionally related genes with roles in membrane
remodeling, protein trafficking, cytoskeletal reorganization, and GTPase-mediated signaling.
These inter-related processes orchestrate cell polarity, adhesion, migration, and cell-cell
communication (Mellman and Nelson, 2008; Parsons et al., 2010; Cheng et al., 2011; West
and Harris, 2016), suggesting that such functions may be perturbed in cKO testes.

Loss of Ptbp2in germ cells disrupts the Sertoli cell cytoskeleton

As germ cells migrate toward the lumen during spermatogenesis they must remain in
intimate contact with Sertoli cells. This interaction depends on membrane protein
remodeling and signal transduction cascades to maintain cell polarity and adhesion (Cheng
etal., 2011). Based on our findings and the phenotypic features of cKO testes, we
hypothesized that Ptbp2 is essential for proper adhesion and/or crosstalk between germ and
Sertoli cells.

Pharmacologic disruption of germ-Sertoli cell adhesion or ablation of signaling and polarity
proteins cause disorganization of the Sertoli cell cytoskeleton (Tanwar et al., 2011; Tanwar
etal., 2012; Dong et al., 2015; Tang et al., 2016). To test the hypothesis that Ptbp2-deletion
in germ cells impacts cytoskeletal organization in Sertoli cells, fluorescence microscopy was
performed with phalloidin to stain filamentous actin (F-actin). Sections were counterstained
with PNA to classify spermatids and identify tubules with similar cell compositions (Nakata
et al., 2015). As expected (Vogl et al., 2008; Johnson, 2014), F-actin was readily detected at
the interface between elongated spermatids and Sertoli cells in P36 WT testes (Figure 7A—
D, open arrows), with little to no F-actin associated with round spermatids (Figure 7A-B,
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closed arrows). Also evident were polarized linear stalks of F-actin extending from the basal
membrane to the lumen (Figure 7A, arrowheads), as previously described (Tang et al.,
2016). Despite the absence of elongated spermatids, an abundance of F-actin was detected in
the apical region of cKO tubules, with the greatest accumulations in regions devoid of germ
cell nuclei (Figure 7E-G). In addition, F-actin tracks extending towards the lumen were
more intensely stained in cKO tubules (Figure 7E,G, Figure SSA-F,R; arrowheads). Similar
patterns of excess F-actin were also observed in nearly all seminiferous tubules in P24 cKO
testes (Figure 7K—M) including those where the first wave of germ cells have not yet
completed meiosis (Figure S5G-L,Q), suggesting that disorganization of the actin
cytoskeleton is not an indirect consequence of spermatid arrest and premature detachment.
Importantly, co-immunostaining for the germ cell marker Ddx4, indicated that aberrant F-
actin was not in germ cells (Figure SSM—-P). These observations demonstrate that ablation of
Ptbp2 in male germ cells results in disorganization of the F-actin cytoskeleton in Sertoli
cells. Thus, our data suggest that AS regulation by Ptbp2 in germ cells is essential for germ-
Sertoli cell crosstalk, providing new insights into the physiological importance of AS in the
testis.

Discussion

While the prevalence of AS isoforms in germ cells has long been known (Yeo et al., 2004;
Clark et al., 2007; Ramskold et al., 2009), the dynamics, regulation, and function of AS
during spermatogenesis have remained largely unexplored. In this report, we provide new
data to significantly advance our knowledge of each of these aspects.

Alternative splicing is regulated in a stage-specific manner during spermatogenesis

Our analysis of available RNA-Seq data identified over one thousand stage-specific AS
changes in germ cells isolated at different stages of the first wave of spermatogenesis. The
extent to which AS programs may differ during steady state spermatogenesis remains to be
determined, however our analysis significantly increases the number of known genes and
molecular pathways that are impacted by AS in the male germline. Unexpectedly, the
majority of these changes occur when germ cells progress from the mitosis to meiosis phase,
followed by a period where AS isoform levels are maintained until the differentiation stage
of post-meiotic spermatids. Despite the diverse array of functions ascribed to proteins
encoded by genes with stage-specific AS, the majority of the genes in T1 and T3 (512/595
and 137/164, respectively) clustered into enriched categories of GO terms (File S4).
Interestingly, when different subgroups of genes were examined, distinct sets of enriched
GO annotations were evident between genes with positive or negative PSI values in each
transition. For example, genes with repressed AS events in T1 were enriched for terms
associated with RNA processing and intracellular transport, whereas AS events that are
enhanced in T1 were enriched for genes with roles in mMRNA translation (File S4).
Accordingly, stage-specific AS in germ cells is predicted to impact several processes
through coordinate regulation of multiple components of macromolecular complexes and
cellular pathways.
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While additional study is required to understand precisely how stage-specific AS events are
regulated by different RBPs and their impact on germ cell development, our immediate goal
was to set the stage for assessing the role of Ptbp2 in AS regulation during spermatogenesis.
Notably, changes in Ptbp2 levels coincide with germ cell stages that exhibit the greatest AS
changes (T1 and T3), whereas the fewest and smallest AS differences occur in T2, when
Ptbp2 levels are largely maintained. By comparing AS changes in different transitions with
those in Ptbp2 cKO mice, we found a striking relationship between exons with stage-specific
changes and Ptbp2-dependent regulation. More specifically, cassette exons with increased or
decreased splicing in T1 (when Ptbp2 levels increase) were predominantly enhanced or
repressed by Ptbp2, respectively. Conversely, cassette exons with increased or decreased
splicing in T3 (when Ptbp2 levels decline) were generally repressed or enhanced by Ptbp2,
respectively. We cannot exclude the possibility that spermatid arrest contributes to AS
differences between P25 WT and cKO testes. However, the data suggests that any such
contribution is likely to minor, as few AS changes exist between spermatocytes and
spermatids, and the majority of genes with AS changes in cKO testes do not display
significant differences in overall RNA levels. Importantly, splicing changes in cKO testes
could be detected when the most advanced germ cells are in prophase of meiosis I.
Collectively, our data indicates a role for Ptbp2 as a critical regulator of stage-specific AS
isoforms during spermatogenesis.

Ptbp2 controls alternative splicing in germ cells through direct and indirect interactions

CLIP analysis showed Ptbp2 binds CU-rich sites across the germ cell transcriptome.
Interestingly, the majority had low conservation scores, and those that mapped to introns
were generally positioned far from 5’ or 3’SS (Figure S6). The prevalence of these
interactions may explain the high levels of Pthp2 in the nucleus (Xu and Hecht, 2007),
which may serve to prevent sequestration of Ptbp2 at sites with minimal regulatory potential.
While Ptbp2 mostly binds intronic sequences, binding sites in coding and non-coding exonic
regions are also observed, raising the possibility that Ptbp2 may have splicing-independent
roles in post-transcriptional regulation in germ cells. Additional experiments using tissue
with less cellular heterogeneity (earlier time points) or purified cell types are needed to
explore this possibility further.

In contrast, our data support a role for Ptbp2 as a regulator of AS in spermatogenic cells. We
found that Ptbp2 binds proximal to the 3’SS and/or within the AS exon to repress splicing,
while interactions associated with Ptbp2-enhanced exons lacked a positional bias. Consistent
with AS regulation by tissue-restricted RBPs (Merkin et al., 2012), binding sites associated
with repressed exons also had higher conservation scores. These observations parallel
extensive biochemical and reporter-based assays supporting a direct role for PTB proteins as
splicing repressors, while also suggesting that Ptbp2 regulates AS isoforms in the testis via a
combination of primary and secondary targets.

Notably, several post-transcriptional regulators including Clk4, Srsfi14, Elavl2, Pum2, and
Csda/Ybx3 are alternatively spliced in cKO testes, indicating that a subset of AS changes
likely result from alterations in these factors and their respective downstream targets. Loss of
Ptbp2 may also expose sites that can be recognized by other RBPs and/or alter RNA
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structure, leading to widespread redistribution of RBP-RNA interactions. The extent to
which Ptbp2 functions in cooperation with or to antagonize other RBPs proposed to have
roles in AS regulation in spermatogenesis including Rom5 (O'Bryan et al., 2013), Sam68
(Sette et al., 2010), T-STAR (Ehrmann and Elliott, 2010), and Celfl (Kress et al., 2007)
remains to be determined.

The impact of Ptbp2 loss on cellular structures during spermatogenesis

Tissue-restricted RBPs generally fine-tune AS isoform ratios for large cohorts of genes
rather than exerting dramatic splicing changes on a limited set (Licatalosi and Darnell, 2010;
Fu and Ares, 2014). This mode of regulation allows distinct pools of alternative protein
isoforms to be produced in a given cell, and therefore modulate ubiquitous cell functions in
different cellular contexts. Using a conservative APSI cutoff, we discovered that a
disproportionate number of AS genes in cKO testes have roles in membrane and cytoskeletal
remodeling, protein trafficking, and GTPase-mediated signaling. Notably, GO annotation
terms associated with cytoskeletal regulation were enriched among genes with the greatest
splicing changes in T1 and T3 (File S4). These observations suggest that AS regulation
functions in the dynamic coordination cell adhesion, migration, and polarity during
spermatogenesis.

Polarity proteins and actin regulatory factors are thought to have critical roles in maintaining
adhesion of Sertoli cells with germ cells during their development and movement towards
the lumen (Lie et al., 2010; Cheng et al., 2011). Strikingly, conditional deletion of PtHp2in
germ cells resulted in disorganization of F-actin filaments in Sertoli cells, a phenotype
previously attributed to loss of Sertoli cell polarity (Tanwar et al., 2011; Tanwar et al., 2012;
Dong et al., 2015; Tang et al., 2016). Interestingly, linear F-actin filaments in Sertoli cells
have been proposed to facilitate germ cell migration (Tanwar et al., 2011; Tanwar et al.,
2012; Dong et al., 2015; Tang et al., 2016).

Our biological and computational analyses of PtbpZ2 deletion in germ cells provide insights
into the molecular basis of the cKO spermatogenic defects, which include increased
apoptosis and premature release into the lumen. Consequently, our data provide a rationale
for why cKO testes resemble gene knockouts of specific membrane proteins and signaling
factors (Bi et al., 2013; Obholz et al., 2006; van der Weyden et al., 2006; Yamada et al.,
2006).

Our analyses suggest a model whereby Ptbp2 controls a network of AS events in postmitotic
germ cells (spermatocytes and spermatids) necessary to establish the correct protein
isoforms required for germ-Sertoli cell communication (Figure S7). While it is likely that
some AS changes have more deleterious effects than others in male germ cells, we propose
that spermatogenic failure in cKO testes results from aberrant accumulation of AS isoforms
across the large network of functionally interconnected proteins.

In summary, we demonstrate that AS is highly regulated in the testis, present evidence that
this regulation is necessary for spermatogenesis, and define a network of genes with roles in
cell adhesion, polarity, and cytoskeletal remodeling that are coordinately regulated by Ptbp2-
dependent AS. This data offers important insights into the physiological functions of an AS
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program in the mammalian germline, and the opportunity to unravel connections between
Ptbp2-dependent AS in different developmental systems.

Experimental Procedures

Animals and tissue collection

RT-PCR

RNA-Seq

HITS-CLIP

To obtain cKO and WT littermate controls, Stra8-iCre*’*: Pthp22E4* males were crossed
with Pthp 710X+ females as previously described (Zagore et al., 2015). The day of birth was
considered postnatal day 0. WT C57BL/6 animals used for validation of stage-specific AS
changes. HITS-CLIP libraries were generated from CD-1 animals purchased from Charles
River Labs. For all procedures, mice were incapacitated by isofluorane inhalation and
sacrificed by cervical dislocation or decapitation. All animal procedures were approved by
Institutional Animal Care and Use Committee at CWRU.

RT-PCR analyses of radiolabelled AS transcripts were performed on biologic replicate
samples after determining the optimal cycle number necessary for linear amplification with
each primer set, as previously described (Licatalosi et al., 2008). APSI values from RT-PCR
analyses were determined after correcting for differences in nucleotide composition
(radionucleotide incorporation). Primer pairs used for RT-PCR are listed in Table S3.

Paired-end RNA-Seq libraries were prepared from P25 testes from two WT and two cKO
animals using lllumina ScriptSeq™ v2 RNA-Seq library preparation kits and sequenced at
the CWRU Sequencing Core. Reads were mapped to the mm10 genome with OLego (Wu et
al., 2013). The Quantas pipeline was used to infer transcript structure, and quantify
alternative splicing and gene expression (Yan et al., 2015). Genomic coordinates in the
output files were converted to mm9 with LiftOver (Kent et al., 2002). To identify stage-
specific AS changes, available RNA-Seq datasets (Soumillon et al., 2013) were retrieved
(GEO series: GSE43717) and processed as above. Significant AS changes were defined as
those with FDR<0.05, p.adj<0.05. Overlapping AS events within each splicing category
were collapsed and the APSI values averaged, except for overlapping AS changes with
opposite APSI values that were discarded. The set of 217 genes with changes in cKO
correspond to those with APSI=20 and an average RPKM>1 in cKO. To identify the 67
cassette exons, the coordinates of regulated cassette exons were intersected with BED files
for each of the other five splicing types. Those cassette exons that did not overlap with a
second splicing event were retained. The 988 genes with RPKM differences (p<0.01) in WT
and cKO testes included those with RPKM>1 in WT and cKO.

Testes from 8-week old mice were detunicated in cold HBSS and seminiferous tubules UV-
irradiated on ice. Cross-linking, immunoprecipitation with anti-Ptbp2 (Polydorides et al.,
2000), and cDNA library construction steps were performed as previously described
(Licatalosi et al., 2008; Licatalosi et al., 2012). Libraries were generated from three biologic
replicate animals and sequenced at the CWRU Sequencing Core. Reads were mapped to the
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mm9 genome with Bowtie and collapsed to identify unique CLIP tags. CLIP clusters were
identified using tools from Galaxy (Giardine et al., 2005), the UCSC Table Browser (Kent et
al., 2002), BEDTools (Quinlan and Hall, 2010), and R. To identify BR3 clusters that map to
RefSeq genes, overlapping RefSeq genes on the same strand were first collapsed to identify
22,308 merged genes (or transcription units, TUs). BR3 clusters were joined with TUs on
the same strands, identifying 24,034 BR3 clusters that overlapped with 5,397 TUs. The
distribution of BR3 clusters in intergenic and genic regions was assessed by intersection
with RefSeq coding sequences (CDS), introns, and 5’ and 3" UTRs retrieved from the UCSC
Table Browser. BR3 clusters that mapped to a sequence with more than one type of
annotation were labeled ‘ambiguous’. To assess the distribution of clusters relative to splice
sites, only BR3 clusters mapping to a single RefSeq intron were analyzed. PhastCons scores
were retrieved for 29,206 BR3 clusters using the UCSC Table browser and used to calculate
an average score per nucleotide of each cluster. Motif enrichment analyses were performed
using the EMBOSS tools Compseq and Shuffleseq. The control set of constitutively spliced
exons was obtained by randomly selecting internal exons pre-filtered for no overlap with
annotated alternatively spliced exons.

Gene Ontology

Microscopy

GO term analyses were performed with the Cytoscape application BINGO (Saito et al.,
2012; Cline et al., 2007) using a hypergeometric statistical test and Benjamini & Hochberg
FDR correction (significance level of 0.05) to identify enriched terms after multiple testing
correction. To assess enriched terms associated with Ptbp2-regulated genes, the gene Jmyjd6
was omitted due to mis-annotation (Bottger et al., 2015). A custom set of background genes
was generated consisting of 14,449 genes with RPKM >1 in P25 WT or cKO. Only enriched
GO terms with at least 5 genes were considered. Similarly, custom background sets were
generated for the analysis of enriched GO terms associated with T1, T2, and T3 (14,708,
11,871, and 14,091 genes, respectively).

Cryosections were processed for fluorescence microscopy following a published protocol

(Li et al., 2013). For F-actin staining, cryosections were rinsed with PBS, permeabilized, and
blocked with 5% normal goat serum. Sections were incubated with phalloidin (Molecular
Probes), washed, and incubated with Lectin PNA (Molecular Probes) or antibody to Ddx4
(Abcam).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Alternative splicing is regulated in a stage-specific manner during
spermatogenesis

Ptbp2 is a critical regulator of alternative splicing during germ cell
development

Ptbp2 controls a network of trafficking and cell adhesion genes via exon
repression

Germ-Sertoli cell crosstalk requires Ptbp2 expression in germ cells
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Figure 1.
Identification of stage-specific AS changes in spermatogenesis. (A) Top: Schematic of the

three pairwise comparisons of cell types (transitions) examined. Bottom: Violin plots
showing the distribution of APSI values (FDR<0.05 and p<0.05) for each AS category in
transition 1, 2, and 3 (left, center, and right, respectively). Dashed lines are positioned at
APSI=+20%. AS type is indicated at the bottom. (B) Pie chart showing the distribution of
AS changes detected in each transition. (C) Number and overlap in genes with AS changes
in one or more transitions. (D) Number and overlap in individual AS exons with changes in
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one or more transitions. (E) Clustered heatmaps showing PSI values of AS exons regulated
in more than one transition (overlapping events from panel D), indicated by the blue/red
color scale. Each column represents a single cell type in the transitions that are being
compared, while each row represents an overlapping AS exon. Black dots represent an AS
exon that undergoes a unidirectional, continuous splicing change. (F) Representative
examples of RT-PCR validation of splicing changes measured in triplicate in P6 and P19
testes. (G) Bar chart showing the number of AS changes (APSI=£20%) for each AS category
in each transition. Color code for each AS type is indicated in A. (H) Distribution of
absolute APSI values in T1, T2, and T3. Dashed line represents APSI>+20%. See also
Figures S1,2; Tables S1,3; Files S1,4.
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Figure 2.

Identification of AS differences between WT and cKO testes. (A) Violin plots showing the
distribution of APSI values for each splicing category. (B) 257 AS changes with APSI>20 in
217 genes, binned according to the splicing categories indicated at left. Color-coding reflects
APSI value, according to the gradient shown in A. Pearson correlation coefficients (R) are
shown at right for RPKM comparisons in WT and cKO for genes with AS changes in each
category. (C) Representative examples of RT-PCR analysis of AS isoforms measured in
replicate WT and cKO testes at P25. (D) Comparison of RPKM values for the 217 genes
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with APSI=£20% AS changes in WT and cKO testes. (E) Distribution of absolute fold
change fold change values for genes with RNA increases or decreases in cKO testes (black
and red lines, respectively). Dashed line is positioned at absolute fold change of 2. Inset
shows relative number of genes with RNA increases (grey) or decreases (red). (F)
Comparison of fold change values for the 792 RNAs that shared 2-fold or greater differences
(0p<0.01) in analysis of both WT versus cKO (x-axis) and meiotic versus post-meiotic cells
(y-axis). Values in each corner correspond to the percentage of data points in each quadrant.
(G) Representative example of RT-PCR validation of an AS event that is stage-specific and
Ptbp2-dependent, with postnatal age of tissue indicated at top. See also Figure S3; Tables
S2,3; Files S1,2
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Ptbp2 regulates AS temporally (A) Intersection of AS cassette exons identified in T1 and in
WT versus cKO datasets. (B) Distribution of APSI values for 250 co-regulated cassette
exons indicated in A. (C) Intersection of AS cassette exons identified in T3 and in WT
versus cKO datasets. (D) Distribution of APSI values for 51 co-regulated cassette exons

indicated in C.
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Figure 4.
Identification of Ptbp2 binding sites in the germ cell transcriptome. (A) Autorad of

nitrocellulose membrane containing cross-linked and radiolabelled Ptbp2-RNA complexes
immunopurified from lysates treated with either a high (1:1,000) or low (1:20,000)
concentration of RNAse. Assays were performed in parallel using UV-irradiated and non-
irradiated testes (UV+ and UV-, respectively). Arrow denotes position of Ptbp2. Open
bracket indicates region of membrane excised for library preparation. (B) Distribution of
BR3 clusters in intergenic and genic regions. CDS corresponds to exonic coding sequences,
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while ambiguous BR3 clusters are those that map to sequences with more than one
annotation. (C) Distribution of z-scores following tetramer-enrichment analysis for BR3
clusters. (D) Motifs with the top 5 z-scores are shown at top, with the percentage of BR3
clusters containing each motif indicated. Pie chart indicates the percentage of clusters that
contain one or more of the top 5 motifs. See also Figure S6; File S3
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Figure 5.
Analysis of Pthp2-RNA interactions near cassette exons. Distribution of binding sites in 20

nt windows relative to the splice sites of the Ptbp2-enhanced (A, red boxes) and Ptbp2-
repressed (D, blue boxes) cassette exons and the 5’ and 3’splice sites of the upstream and
downstream constitutively spliced exons, respectively. Each row in A and D represents a
cassette exon region, with some rows empty due to the absence of a Ptbp2-RNA interaction
within the intervals included in the figure. Metagene summaries of the data in A and D are
shown in panels B and E, wherein thick dots indicate number of binding events relative to
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the indicated splice sites, and the dotted lines represent the number of regions that have
exons or introns of the indicated size. (C) Distribution of PhastCons scores for Pthp2-RNA
interactions in regions associated with Ptbp2-enhanced (red) and Ptbp2-repressed cassette
exons. (F) Metagene analysis of Ptbp2 binding events in a control set of 100 randomly
selected internal coding exons, with 35 containing BR2 or BR3 sites. Black line represents
the number of Ptbp2 binding events relative to the indicated splice sites, while grey lines
represent the number of regions that have exons or introns of the indicated size. See also File
S3
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Figure 6.

Enriched gene ontology terms associated with RNASs that are mis-spliced in Ptop2-deficient
testes. (A) Hierarchical view of parent-child relationships for the enriched GO terms
associated with genes with altered AS in cKO testis. Seven different groups were identified
and outlined to match colors assigned to each group indicated at bottom. Circle sizes reflect
the number of genes in each enriched term, while circle color reflects enrichment p value.
(B) Clustering of genes based on co-occurrence in the enriched GO terms, with color-coded
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GO terms indicated at the top. (C) Higher magnification view of two boxed regions (dotted
lines) from B. See also Figure S4; File S4
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Figure 7.
Ptbp2-loss in germ cells results in disorganization of the Sertoli cell actin cytoskeleton.

Fluorescence microscopy to detect F-actin (phalloidin, green), acrosome (PNA, red), and
DNA (DAPI, blue). A-D shows a representative seminiferous tubule from a P36 WT mouse,
with panels C and D showing high magnification views of the dotted box in A and B which
contains elongated spermatids. E-G shows a representative example from a P36 cKO
seminiferous tubules. H-J and K-M show representative examples of seminiferous tubules
from P24 WT and cKO mice, respectively. Open arrows indicate elongated spermatids,
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closed arrows indicate early round spermatids, and arrowheads indicate polarized F-actin
filaments. Scale bar is 25 uM. See also Figure S5
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